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Summary 

The kinetics of the reaction of fully reduced membrane bound cytochrome 
oxidase with CO following photolysis of the fully reduced cytochrome oxidase- 
CO complex have been re-examined by re-analysing the data of Clore and 
Chance ((1978) Biochem. J. 175, 709--725) at six temperatures in the 178-- 
203 K range simultaneously at only a single wavelength pair, 444--463 nm. The 
choice of the 444--463 nm wavelength pair was based on the fact that the 
absorbance change produced at 444--463 nm on photolysis of the CO complex 
is sufficiently large and the separation between monitoring and reference wave- 
lengths sufficiently small to render the effects of any possible time dependent 
scattering changes insignificant. On the basis of our analysis only a two step 
mechanism (Model 1 of Clore and Chance (1978) Biochem. J. 175,709--725) 
satisfies the triple requirement of a S.D. within the standard error of the data, 
a random distribution of residuals and good determination of the optimized 
parameters. The single step mechanism of De Fonseka and Chance ((1978) Bio- 
chem. J. 175, 1137--1138) fails to satisfy all three requirements. The pure dif- 
ference spectra of species Ic minus E, E minus IIc and Ic minus IIc are cal- 
culated from the computed kinetics of the individual species and repetitive 
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parameter;  C, correlation index; EOAi,~ zero-point  activation energy.  
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slow wavelength scanning difference spectra (reaction sample minus the CO 
complex) taken during the course of the reaction of fully reduced cytochrome 
oxidase with CO at 176 K. 

Introduction 

The minimum functioning unit of  mammalian cytochrome oxidase (EC 
1.9.3.1) is thought to consist of  two A type haems differing only in the nature 
of their axial ligands, cytochromes a and a3, and two copper atoms, CUA and 
CUB [1]. The kinetics of the reaction of CO with cytochrome oxidase have 
received considerable attention [2--7] as they allow one to study the binding 
of a molecule of similar nature and size to molecular 02 to the iron atom of 
cytochrome a3 in the absence of electron transfer. 

Clore and Chance [4,5] have analysed the low temperature kinetics and 
thermodynamics of the reaction of  both fully reduced (Cuka 2÷ • Cuha] +) and 
mixed valence state (Cu~+a 3÷. C u ~  +) cytochrome oxidase with CO at six 
temperatures in the 178--203 K range and three wavelength pairs (444--463, 
590--630 and 6 0 8 - 6 3 0  nm) simultaneously. Significant but small differences 
in the normalized absorbance changes were found at these three wavelength 
pairs, and, on the basis of  Beer's law, a minimum three species hypothesis was 
proposed. Two reaction schemes involving three species (Models 1 and 2) and 
one reaction scheme involving two species (Model 3) were analysed by means 
of  numerical integration and non-linear optimization techniques (see Table I 

T A B L E  I 

SCHEMES F O R  THE R E A C T I O N  OF F U L L Y  R E D U C E D  C Y T O C H R O M E  O X I D A S E  WITH CO AT 
LOW T E M P E R A T U R E S  F O L L O W I N G  F L A S H  P H O T O L Y S I S  OF  THE F U L L Y  R E D U C E D  CYTO- 
C H R O M E  OXIDASE-CO COMPLEX,  T O G E T H E R  WITH THE O V E R A L L  S.D. OF T H E I R  FITS TO 
THE D A T A  IN FIG.  3. 

T h e  initial condi t ions  at t = 0 s (i.e. immedia te ly  after photo lys i s )  are given, as is the precise def in i t ion  of 
the relative absorpt ion  coef f i c ient  o f  the /-th species  at the  i-th wavelength ,  ~i(I),  for each m o d e l  (the 
general def in i t ion  of  ai(I) is given b y  Eqn .  2). The overall  standard error o f  the data in Fig. 3 is 2.0 -+ 
0.36%. 

Model  Initial  cond i t i ons  Def ini t ion of  ~i( l )  Overall S.D. 
at t =  0 s  of  the fit to 
(i .e.  immedia te ly  the data in 
after photo lys i s )  Fig.  3 (%) 

k ,2  
1. E + C O  ~ 1  IC h~-2 i i  c [ E l = 7 / ~ M  A e T ( l -  I I c )  

"~ ' - " - "~  k - l ~  | [CO] = 1.2 mM c~i(l ) = AcT(  E _ I I c )  1 .70  

hv (flash photo lys i s )  [ I c ]  = [ I I c ]  = 0 

2. E + CO ~_11 k+2 1 I C ~ I C [I  C] = 7 ~uM A e T ( I  - -  I I c )  
t k -2  [CO] = 1.2 mM ai( l  ) = 2 .12 

hv (flash photo lys i s )  [ E l  = [II  C] = 0 A e T ( I c  - -  I I c )  

k+l  
3. E + C O  ~ II C [E l  = 7 ~ M  ~eT(l-IIC)  

k - I  .] [CO] = 1.2 mM o~i(l ) = AeT¢ z - - I I c )  3 .35  

hv (flash photo lys i s )  [ I I c ]  = 0 
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for details of models). Only Model 1 was found to satisfy the triple require- 
ment [8] of a S.D. within the standard error of the data, a random distribution 
of residuals and good determination of the optimized parameters. The single 
step reversible mechanism (Model 1) fails to fit the data for both reactions on 
the basis of a S.D. (>10%) significantly greater than the standard error of the 
data (2%). 

In a later paper De Fonseka and Chance [6] analysed data at two temper- 
atures separately and found that some of the parameters for Model 1 were 
poorly determined. Using Model 3, however, they found that the S.D. values of 
the fits at each temperature were within the standard errors of their data and 
the optimized parameters were well determined, but there were systematic 
errors in the distribution of residuals at both temperatures. In the belief that 
poorly determined parameters are a more important cause for rejection of a 
kinetic model than systematic errors in the distribution of residuals, they con- 
cluded that Model 3 was the best model representing the reaction of both fully 
reduced and mixed valence state cytochrome oxidase with CO. Their failure to 
determine all the parameters for Model 1, however, is not surprising and is 
simply due to the use of a small data-information base (three wavelength pairs 
and two temperatures analysed individually) compared to the much larger data- 
information base (three wavelength pairs and six temperatures analysed simul- 
taneously) used by Clore and Chance [4,5]. 

In a further paper De Fonseka and Chance [7] examined the spectral 
changes in the Sorer and visible regions occurring during the recombination of 
CO with fully reduced and mixed valence state cytochrome oxidase by slow 
wavelength scanning optical spectroscopy, and failed to detect a distinct optical 
species corresponding to species Ic of Model 1. Further, they suggested that the 
differences in the normalized absorbances changes observed by Clore and 
Chance [4,5] at 444--463, 590--630 and 608--630 nm were artefactual and 
due to time dependent scattering changes. 

In view of the disagreement between De Fonseka and Chance [6,7] and 
Clore and Chance [4,5] in regard to the choice between Models 1 and 3, it is 
essential to re-examine in detail (1) the significance of time dependent scatter- 
ing changes, and (2) the kinetics of the recombination of CO with fully reduced 
cytochrome oxidase. In this paper I demonstrate that the effects of any pos- 
sible time dependent scattering changes are rendered insignificant when care is 
taken over the choice of reference wavelength such that the largest separation 
between the monitoring and reference wavelengths is not greater than 50 nm. 
The kinetics of the fully reduced cytochrome oxidase-CO reaction have been 
re-examined by analysing the data of Clore and Chance [4] at a single wave- 
length pair, 444--463 nm, and six temperatures in the 178--203 K range simul- 
taneously. By choosing a wavelength pair at which the absorbance changes are 
reasonably large and the separation between monitoring and reference wave- 
lengths small (~< 20 nm), the effects of any possible time dependent scattering 
changes are rendered negligible. By only analysing data at a single wavelength 
pair the spurious introduction of an intermediate on the basis of differences in 
the normalized absorbance changes at different wavelength pairs which may be 
artefactual, is excluded. By analysing the data at six temperatures simulta- 
neously a large enough data-information base is provided with sufficient inherent  
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constraints to enable one to select on a quantitative basis the appropriate 
kinetic model  from the three proposed models. 

Experimental 

Biochemical methods 
The fully reduced membrane bound cytochrome oxidase-CO complex of  

intact beef  heart  mitochondria was prepared exactly as described by Clore and 
Chance [4].  

Biophysical methods 
Optical spectra were recorded using a DBS-2 Johnson Foundat ion dual wave- 

length spect rophotometer  equipped with two 200 mm focal length Jobin-Yvon 
monochromators  (Model H-20, 1200 lines/mm) which employ aberration cor- 
rected holographic gratings. The measuring beam was provided by  a tungsten 
iodide lamp, the intensity of  which was not  sufficient to perturb the measured 
kinetics, measuring beam photolysis proceeding at a rate less than 10 -s s -1. The 
transmitted light was moni tored using a multi-alkali photomultiplier  for the 
400--700 nm tange (EMI 9592b).  The electrical ou tpu t  f rom the photomult i-  
plier was coupled to an 8 bit 1024 address digital memory  (Varian C-1024) in 
which the characteristics of  the baseline were stored (in this case the spectrum 
of  the fully reduced membrane bound  cytochrome oxidase-CO complex) and 
from which corrective signals were read out,  subtracting the stored baseline 
from the incoming data. All optical spectra were recorded with a bandwidth of  
5 nm, a scanning rate of  2.8 nm/s and a time constant  of  3 s. 

Flat 2 mm optical path length cuvettes were used throughout  and the 
temperature of  the samples was maintained by  a flow of  cold N2 and regulated 
by a copper-constantan thermocouple.  Photolysis was carried ou t  with a 200 J 
xenon flash lamp (pulse width 1 ms) which was approx. 99% saturating. 

Kinetic data and analysis 
The kinetic data analysed were those of  Clore and Chance [4] at 444--463 

nm and at six temperatures (178, 1 8 3 , 1 8 8 , 1 9 3 , 1 9 8  and 203 K). The intensity 
of  the measuring beam in these experiments was no t  sufficient to perturb the 
measured kinetics, measuring beam photolysis proceeding at a rate of  less than 
10 -s s -1. The overall standard error of  the data is 2 -+ 0.36%. All the data were 
analysed simultaneously using the numerical methods of  integration and opti- 
mization described by Clore and Chance [4,5,8].  

Results and Discussion 

Significance of  time dependent scattering changes 
De Fonseka and Chance [7] demonstrated that  if t ime dependent  scattering 

changes (possibly due to devitrification) occur, they may cause an apparent 
increase in absorbance at shorter more scattering wavelengths and an apparent 
decrease in absorbance at longer wavelengths. Thus when optical spectral are 
recorded using the dual wavelength technique over a wide wavelength range 
with only a single reference wavelength, as in the spectra of  De Fonseka and 
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Fig .  I .  O p t i c a l  d i f f e r e n c e  s p e c t r a  ( r e a c t i o n  s a m p l e  m i n u s  the fu l ly  r e d u c e d  c y t o c h z o m e  o x i d a s e - C O  c o m -  
p l ex )  in  t h e  S o r e t  r e g i o n  o b t a i n e d  b y  r epe t i t i ve  w a v e l e n g t h  s c a n n i n g  i l l u s t r a t i ng  the  t i m e  eouzse  o f  t h e  
r e c o m b i n a t i o n  o f  C O  w i t h  fu l ly  r e d u c e d  c y t o e h r o m e  o x i d a s e  f o l l o w i n g  p h o t o l y s i s  o f  f u l l y  r e d u c e d  c y t o -  
c l l~ome o x i d a s e - C O  c o m p l e x  a t  1 7 6  K .  Expe td-menta l  c o n d i t i o n s  w e r e :  1 5  m g / m l  b e e f  h e a r t  m i t o e h o n d r i a  
c o n t a i n i n g  5 ;~M c y t o c h r o m e  o x i d a s e  ( c a l c u l a t e d  u s i n g  e~e~__ox = 2 4 . 0  m M  - ' I  • c m  - I  [ 9 ] ) ,  3 0 %  v/v  e t h y l -  
ene  g lyco l ,  0 .1  M m a n n i t o l ,  5 0  m M  s o d i u m  p h o s p h a t e  b u f f e r  ( p H  7 .2 ) ,  5 m M  s u c c i n a t e  a n d  1 .2  m M  C O .  
T h e  d i f f e r e n c e  s p e c t r a  we re  r e c o r d e d  i n  a c o n t i n u o u s  r e p e t i t i v e  s c a n n i n g  m o d e  f~om r i g h t  t o  l e f t  a t  a r a t e  
o f  2 .8  n m / s  a n d  a t i m e  i n t e r v a l  b e t w e e n  h i ( s c a n  j )  a n d  }ki(scan j + 1) o f  4 7  s. T h e  r e f e r e n c e  w a v e l e n g t h  is 
4 6 3  n m .  F is  t h e  f i rs t  d i f f e r e n c e  s p e c t r u m  f o l l o w i n g  p h o t o l y s i s .  ( F o r  f u r t h e r  e x p e r i m e n t a l  de t a i l s  see 
E x p e r i m e n t a l . )  
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Fig.  2.  O p t i c a l  d i f f e r e n c e  s p e c t r a  ( r e a c t i o n  s a m p l e  m i n u s  t h e  fu l ly  r e d u c e d  e y t o c h r o m e  o x i d a s e - C O  c o m -  
p lex)  in  t h e  vis ib le  r e g i o n  o b t a i n e d  b y  r epe t i t i ve  w a v e l e n g t h  s c a n n i n g  i l l u s t r a t i n g  t h e  t i m e  c o u r s e  o f  t h e  
r e c o m b i n a t i o n  o f  C O  w i t h  f u l l y  r e d u c e d  e y t o c h r o m e  o x i d a s e  f o l l o w i n g  p h o t o l y s i s  o f  t h e  fu l ly  r e d u c e d  
c y t o c h ~ o m e  o x i d a s e - C O  c o m p l e x  a t  1 7 6  K .  E x p e r i m e n t a l  c o n d i t i o n s  as  i n  F ig .  1.  T h e  d i f f e r e n c e  s p e c t r a  
we re  r e c o r d e d  in  a c o n t i n u o u s  r epe t i t i ve  s c a n n i n g  m o d e  f~om ~_ght t o  l e f t  a t  a r a t e  o f  2 .8  n m [ s  a ~ d  a t i m e  
in texva l  b e t w e e n  h i ( s c a n  j )  a n d  h i ( s c a n  ] + 1) o f  47  s. T h e  r e f e r e n c e  w a v e l e n g t h  is  6 0 3  n m .  F is t h e  f i rs t  
dif ference  spec trum fo l l owing  p h o t o l y s ~ .  



1 3 4  

0810   A 
Model 1 

o 

1.0 i 

g o.e 
Mode 2 

~ . 

! 

Model  3 

0 4 c~i) 

0.2 

0 I I s IP-.,.J ,~,  
10 4 1 10 10 2 10 3 

T ime (s) 

Fig .  3.  C o m p a r i s o n  o f  t h e  n o r m a l i z e d  o b s e r v e d  k i n e t i c s  o f  t h e  r e a c t i o n  o f  fu l ly  r e d u c e d  c y t o c h r o m e  
o x i d a s e  w i t h  C O  a t  444 - - -463  n m  in  t h e  1 7 8 - - 2 0 3  K r a n g e  w i t h  t h e  b e s t  f i t  c o m p u t e d  k i n e t i c s  o b t a i n e d  
f o r  M o d e l  1 (A) ,  M o d e l  2 (B)  a n d  M o d e l  3 (C).  T h e  e x p e r i m e n t a l  p o i n t s  a re  s h o w n  as  $,  a n d  t h e  c o m -  
p u t e d  b e s t  f l t  e t t rves  as  so l id  l ines .  T h e  cu rves  a re  n o r m a l i z e d  re la t ive  t o  t h e  a b s o r b a n c e  c h a n g e  p r o d u c e d  
o n  p h o t o l y s i s ,  i .e.  re la t ive  t o  A A 4 4 4 ( E  ~ I I c ) .  T h e  e x p e r i m e n t a l  c o n d i t i o n s  a re :  21  r a g / e l  b e e f  h e a r t  
m i t o c h o n d r l a  c o n t a i n i n g  7 tiM c y t o c h r o m e  o x l d a s e  ( c a l c u l a t e d  f r o m  e60~__ox = 2 4 . 0  m M  - I  • c m  - I  [ 9 ] ) ,  
30~ v/v e t h y l e n e  g lyco l ,  0 . I  M m a n n l t o l ,  5 0  m M  s o d i u m  p h o s p h a t e  b u f f e r  p H  7 . 2 ,  5 m M  s t t cc lna te  a n d  
1 .2  m M  CO.  T h e  six t e m p e x a t u ~ s  a re :  (i) 2 0 3  K ;  (ii) 1 9 8  K ;  (Hi) 1 9 3  K ;  (iv) 1 8 8  K ;  (v) 1 8 3  K ;  (vl) 1 7 8  K.  
T h e  d a t a  a t  ell  s ix t e m p e r a t u r e s  a re  f i t t e d  s i m u l t a n e o u s l y  t o  e a c h  k i n e t i c  s c h e m e  (see R e s u l t s  f o r  f u r t hez  
de ta i l s  o f  t h e  f i t t i n g  p r o c e d u r e ) .  
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Chance [7] which extended from 400 to 650 nm with the reference wavelength 
at 575 nm, a clockwise rotat ion of  the entire spectrum may occur. This effect  
can be reduced by placing a diffuser plate between the sample and the photo-  
multiplier [7].  On the basis of  these observations De Fonseka and Chance [7] 
concluded that the differences in the normalized absorbance changes at 444-- 
463 nm, 590 6 3 0  nm and 608--630 nm, seen by Clore and Chance [4,5] in 
both  the reactions of  fully reduced and mixed valence state membrane bound 
cy tochrome oxidase with CO at low temperatures,  could possibly be at tr ibuted 
to time dependent  scattering changes. However,  all distortions due to any pos- 
sible time dependent  scattering changes can be entirely avoided in kinetic 
recordings obtained using the dual wavelength technique by ensuring that the 
monitoring and reference wavelengths are not  separated by more than 50 nm. 
This may be demonstrated by recording optical spectra over a small wavelength 
range, say 120 nm, with the reference wavelength at approximately the mid- 
point  of  the wavelength range, wi thout  using a diffuser plate between the 
sample and photomultiplier .  Such spectra illustrating the recombination of  CO 
with fully reduced cytochrome oxidase following photolysis of  the fully 
reduced cy tochrome ox idase~O complex at 176 K in both the Sorer and 
visible regions are shown in Figs. 1 and 2, respectively. In Fig. 1 the spectra 
extend from 415 nm to 495 nm with the reference wavelength at 463 nm, and 
in Fig. 2 from 530 nm to 6 5 5 n m  with the reference wavelength at 603 nm. No 
clockwise rotat ion or other  distortions of  the spectra are seen. It should also be 
noted that if significant time dependent  scattering changes were to take place 
and distort  the observed kinetics, the kinetics of  these changes would be zero 
order and therefore could not  be accounted for by the introduction of  an inter- 
mediate in a kinetic scheme which would follow first or higher order kinetics. 

Re-analysis o f  the data o f  Clore and Chance [4] at 444--463 nm and six tem- 
peratures in the 1 78--203 K range 

The experimental normalized absorbance changes (normalized with respect 
to the total  absorbance change produced on flash photolysis, i.e. with respect 
to the states before and immediately after photolysis) versus log t at 444--463 
nm over the 178--203 K range for the reaction of  fully reduced membrane 
bound cy tochrome oxidase with CO obtained by Clore and Chance [4] are 
shown in Fig. 3. The computed  normalized absorbance change at 444--463 nm, 
N444(t) is given by: 

N444(t) = ~ 0~444(/)" Fz(t)/B (1) 
l 

where B is the total  concentrat ion of  cytochrome oxidase; Fz(t ) the concentra- 
tion of  the l-th species at t ime t obtained by numerical integration of  the 
coupled simultaneous ordinary differential equations derived for each kinetic 
model  with the initial conditions given in Table I; and ~444(l) the relative 
absorption coefficient of  the / - th  species at 444--463 nm defined by  

a444(/) = AeT44(l --  z)/AeT44(X -- z) (2) 

where AeT44(l-  z) and AeT44(x - - z )  axe the molar difference absorption coeffi- 
cients between species l and z, and species x and z, respectively, at 444--463 
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T A B L E  II 

V A L U E S  O F  T H E  C O R R E L A T I O N  I N D I C E S  F O R  T H E  B E S T  F I T S  O F  E A C H  C O M P U T E D  C U R V E  
W I T H  ITS C O R R E S P O N D I N G  E X P E R I M E N T A L  C U R V E  S H O W N  IN F I G .  3 F O R  M O D E L S  1,  2 A N D  
3 

The  corre la t ion  i n d e x ,  C,  is a measure  o f  the  d i s tr ibut ion  o f  residuals  and is g iven b y  C = ~ , R i / ( ~ R i 2 )  1/2 
w h e r e  R i is the  residual  at  t i m e  p o i n t  i. ( R  i is given  b y  R i = (v  i - - u i ) / o  w h e r e  v i is the  observed  va lue ,  u i 
the  ca lcu la ted  value  at  e a c h  t i m e  p o i n t  i, and o the  s tandard error o f  the  curve . )  Fo r  }CI ~ 1,  the  distribu- 
t i on  o f  residuals  is r a n d o m ;  for  ICI > >  1,  th e  dev ia t ions  b e t w e e n  ca lcu la ted  and observed  values  are 
s y s t e m a t i c  (Clore  and Chance  [ 8 ] ) .  

Curve Corre la t ion  in d e x  

M o d e l  1 M o d e l  2 M o d e l  3 

2 0 3  K - - 0 . 7 6 2  2 . 2 9  1 . 5 6  
1 9 8  K - - 1 . 0 3  - - 2 . 8 9  - - 2 . 6 2  
1 9 3  K 1 , 1 8  0 . 5 7 6  - - 2 . 8 5  
1 8 8  K - - 1 . 2 9  - - -0 .652 - - 1 . 8 2  
1 8 3  K 1 , 0 2  1 . 1 8  1 . 2 9  
178 K --1.04 --2.26 1.50 

nm and at a temperature T. The species corresponding to x and z (which from 
Eqn. 2 have relative absorption coefficients of  1 and 0 respectively) for Models 
1, 2 and 3 are given in Table I. 

All the experimental data at the six temperatures were fitted simultaneously 
using Eqn. 1 by optimizing the rate constants at a reference temperature TD 
(chosen as 188 K), the corresponding zero-point activation energies (E°Ai), and 
in the case of  Model 1 a444(Ic), and in the case of  Model 2 a444(E). 

The S.D. values of  the fits for each model  are given in Table I; the correla- 
tion index (C, a measure of  the distribution of  residuals) for each best fit com- 
puted curve with its corresponding experimental curve for the three models  is 
given in Table II; and the values and S.D.I, of  the optimized parameters for the 
three models are given in Table III. 

T A B L E  III  

V A L U E S  O F  T H E  O P T I M I Z E D  P A R A M E T E R S  O B T A I N E D  BY F I T T I N G  M O D E L S  1,  2 A N D  3 T O  
T H E  D A T A  IN F I G .  3 

The  r e f e r e n c e  t e m p e r a t u r e  T D ,  is 1 8 8  K.  T h e  S .D.In  o f  the  o p t i m i z e d  parameters  are s h o w n  in paren-  
theses .  

Parameter  Model 1 Model 2 Model 3 

k+I(TD) (M -I • s -1) 1.23 • 102 (0.25) 1.47 • 102 (0.97) 

k_I(TD) (s -1) 3.61 • 10 -3 (0.41) 2.27 • 10 -3 (0.94) 

k+2(TD) (s -I) 4.47 • 10 -2 (0.045) 4.77 • 10 -2 (0.069) 

h_2(TD) (s -1) 9.22 • 10-4 (0.24) 6.48 • 10-4 (0.36) 

E~I (kJ • tool -I) 3.77 • 101 (0.052) 1.11 • 102 (0.071) 

E~ 1 (kJ • tool -1) 1.16 • 102 (0.037) 1.53 • 102 (0.019) 

E~k ~ (kJ  • too l  -1 )  5 . 6 3 . 1 0 1  ( 0 . 0 4 1 )  5 .19  • 101 ( 0 . 0 4 1 )  

E ~ _  2 (kJ  • t oo l  -1 )  2 .37  • 101 ( 0 . 4 8 )  9 .11  • 101 (1 .4 )  

a 4 4 4 ( I c )  7 . 4 3  • 1 0  - 1  ( 0 . 0 7 8 )  - -  
(~444(E) -- 1 .16  - 101 ( 0 . 0 5 2 )  

3.17 • I01 (0.018) 

1.35 " 10 -4 (1.3) 

4.53 - 101 (0.012) 

9.45 - 101 (0.19) 
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Only Model 1 satisfies the triple requirement  of  a S.D. (1.70%) within the 
standard error of  the data (2 -+ 0.36%), a random distribution of residuals for 
each curve (C ~< i )  and good determination of  the optimized parameters. 
Model 2 fails on two counts: the distribution of residuals is not  random for the 
curves at 203, 198 and 178 K (C > >  1), and three of  parameters, k~l, k_~ and 
E°_2, are poorly determined.  Model 3 fails on all three counts: the S.D. (3.5%) 
is greater than the standard error of  the data, the distribution of residuals is not  
random for the curves at 203, 198, 192, 188 and 178 K (C > >  1), and one of 
the parameters, k_l, is poorly determined. 

Although more complex kinetic models are feasible, the corresponding 
increase in the number  of  parameters which would have to be optimized would 
result in an under-determined system. I therefore conclude, on the basis of  the 
above data and analysis, that,  over the 178--203 K range, Model 1 is the only 
model  that  satisfies the triple statistical requirement  of Clore and Chance [8]. 

Spectral characterization of  species I c in the Soret and visible regions 
The pure difference spectra (i.e. in 100% concentration) of species E and Ic 

minus IIc and of  species Ic minus E may be obtained from the repetitive wave- 
length scanning difference spectra of  Figs. I and 2, taken during the course of 
the reaction of  fully reduced cytochrome oxidase with CO at 176 K, by the 
solution of a set of  linear simultaneous equations of  the form 

m 

AAi( t  ) = ~ F~(t) • Aei(l--  IIc) (3) 

for each wavelength i, where AAi(t) is the observed difference in absorbance at 
the i-th wavelength between the reaction and reference samples (the latter 
being species IIc) at t ime t; Fl(t) is the computed concentrat ion of the l-th 
species determined by numerical integration of the differential equations 
derived for Model 1 using the rate constants at 176 K calculated f rom the opti- 
mized values of  the rate constants at 188 K and the corresponding zero-point 
activation energies given in Table III; and A e i ( l -  IIc) is the molar difference 
absorption coefficient at the i-th wavelength between the l-th species and 
species IIc obtained by solving Eqn. 3. The computed pure difference spectra 
of  species E and Ic minus IIc and of  species Ic minus E are shown in Fig. 4. 

Comparing the difference spectrum of species Ic minus IIc with that  of 
species E minus IIc (Fig. 4A), it can be seen that,  although there are no dif- 
ferences in the wavelengths of the peaks and troughs (with the exception of  a 
3 nm red shift in the 542 nm trough of  the species E minus IIc difference spec- 
t rum to 545 nm in the species Ic minus IIc difference spectrum), there are 
small differences in the intensities of  the peaks and troughs and in the wave- 
lengths of  the isosbestic points. These differences, however, are too small to be 
detected in the repetitive wavelength scanning spectra of  Figs. 1 and 2 taken 
during the course of  the fully reduced cytochrome oxidase-CO reaction so that 
only a single set of  isosbestic points are observed with no shifts in the wave- 
lengths of  the peaks and troughs, giving the apparent impression that  there are 
only two species, E and IIc, involved in the reaction. In point of  fact, the dif- 
ference spectra in Figs. 1 and 2 provide a better reflection of  the species Ic 
minus IIc difference spectrum that  the species E minus IIc difference spectrum 
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Fig. 4. Computed  pu~e d i f f e r e n c e  spec tra  o f  spec ie s  E (e . . . . .  -o) and I C (A . . . . . .  a) rainus spec ie s  II  C 
(A) and spec ie s  I C m i n u s  E (B) at  176 K. The pure d i f f e r e n c e  spectra  o f  the  spec ie s  s.re ca lcu la ted  f r o m  
the  repet i t ive  w a v e l e n g t h  scanning  spec tra  in Figs. 1 and 2 taken  during the  course  o f  the  ful ly  r e d u c e d  
c y t o c h r o m e  ox idase -CO r e a c t i o n  at  176 K using Eqn.  3 as descr ibed  in  t h e  t e x t .  T h e  c o n c e n t r a t i o n  o f  
each  spec ie s  i~ 5 ~tM. 

as the concentration of  species E decreases rapidly, such that at the beginning 
of  the third scan (94 s after photolysis)  the concentration of  species E is cal- 
culated to be less than 10% of  the total cytochrome oxidase concentration. 

Comparing the difference spectrum of  species Ic minus E (Fig. 4B) with that 
of  species IIc minus E (Fig. 4A),  it can be seen that the intensities of  the peaks 
and troughs in the former vary between 5 and 25% of  those in the latter, there 
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are marked differences in the positions of the isosbestic points in the Soret 
region, and some prominent  shifts in the wavelengths of the peaks and troughs. 

Concluding remarks 

The present study confirms the finding of  Clore and Chance [4] that the 
fully reduced cytochrome oxidase-CO reaction in the 178--203 K range pro- 
ceeds by the kinetic mechanism given by Model 1 (see Table I) which involves 
an intermediate species Ic. Unfortunately, however, the spectral characteriza- 
tion of species Ic in the Sorer and visible regions does not  provide any definite 
information as to the chemical nature of species Ic, the spectra being consistent 
with any suggestion involving a perturbation of the iron atom of cytochrome 
a3. The full characterization of species Ic will require a careful kinetic analysis 
of the changes in the infra-red C--O stretching frequency and in the magnetic 
susceptibility of cytochrome oxidase occuring during the course of the fully 
reduced cytochrome oxidase-CO reaction at low temperatures. 
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